ABSTRACT: Graphitic nitrogen-doped graphene is an excellent platform to study scattering processes of massless Dirac fermions by charged impurities, in which high mobility can be preserved due to the absence of lattice defects through direct substitution of carbon atoms in the graphene lattice by nitrogen atoms. In this work, we report on 2 electrical and magnetotransport measurements of high-quality graphitic nitrogen-doped graphene. We show that the substitutional nitrogen dopants in graphene introduce atomically sharp scatters for electrons but long-range Coulomb scatters for holes and, thus, graphitic nitrogen-doped graphene exhibits clear electron-hole asymmetry in transport properties. Dominant scattering processes of charge carriers in graphitic nitrogen-doped graphene are analyzed. It is shown that the electron-hole asymmetry originates from a distinct difference in intervalley scattering of electrons and holes. We have also carried out the magnetotransport measurements of graphitic nitrogen-doped graphene at different temperatures and the temperature dependences of intervalley scattering, intravalley scattering and phase coherent scattering rates are extracted and discussed. Our results provide an evidence for the electron-hole asymmetry in the intervalley scattering induced by substitutional nitrogen dopants in graphene and shine a light on versatile and potential applications of graphitic nitrogen-doped graphene in electronic and valleytronic devices. KEYWORDS: graphene, charge transport, intervalley scattering, graphitic nitrogen doping, atomically sharp scattering center Graphene, a honeycomb lattice of single layer carbon atoms with a Dirac-like energy dispersion, has attracted extensive interests in recent years owing to its extraordinary charge transport properties and potential applications in electronic devices. [1] [2] [3] [4] [5] However, charge impurities universally exist in graphene and influence its electronic properties.
X-ray photoelectron spectroscopy (XPS) measurements are informative with respect to the N atomic concentration and bonding type of dopants in the carbon lattice of graphene, in which the peak intensity (area) would reflect the dopant concentration and the position of the peaks the bonding environment. Figure 1a shows the XPS analysis for the N 1s peak of our sample gown at 900 o C (see Figure S1a for the XPS analyses of the N 1s peaks of the samples grown at three other temperatures). The XPS spectra show only one N 1s peak centred at 401.0 eV in each graphene sample, suggesting that there is only one N lattice configuration, i.e., the substitutional doping type of N atoms (graphitic configuration), in the graphene samples. 28 Moreover, by taking the area ratio of the N 1s and C 1s peaks (the latter not shown here) after considering the atomic sensitivity factors, the atomic doping level can be estimated to be from 0.5% in the graphene sample grown at 1000 an STM image of a typical as-synthesized N-doped graphene film. Here, the substitutional nature of N dopants (i.e., the nature of atomically sharp point N impurities) in graphene is clearly displayed. As previously reported, 31 we could also observe long "tails" around each dopant, a signature of electron intervalley scattering induced by the N dopants. The inset in Figure 1b shows the fast Fourier transform (FFT) spectrum of the STM image. Clearly, the FFT spectrum shows two sets of points with each set being arranged as a hexagon. The points in the outer hexagon in the FFT spectrum arises from the atomic lattice of graphene and the points in the inner hexagon are derived from the points in the outer hexagon by intervalley scattering induced by N dopants, consistent with previous reports. [31] [32] [33] Thus, the intervalley scattering revealed by the STM analysis in our graphitic N-doped graphene is the results of scattering by the atomically sharp, substitutional N impurities.
In addition, Raman spectroscopy measurements of our as-synthesized graphene films were conducted. Figure 1c presents a representative Raman spectrum of an N-doped graphene film grown at 900 o C (see Figure S1b for the Raman spectra of the N-doped graphene films grown at three other temperatures). All our samples exhibit a prominent D band ( Figure 1c and Figure S1b ), whose intensity is reported to reflect the level of N-dopant concentration in the graphene sheets. 17, 34, 35 The intensities of the D band exhibit a clear reduction in the films grown at higher temperatures ( Figure S1b ). In addition, all the Ndoped graphene films display a strong 2D band, indicating that the as-grown films are of high crystal quality ( Figure 1c and Figure S1b ).
For transport measurements, large-sized N-doped graphene films transferred onto
SiO2/Si substrates were selected and processed to form standard Hall bar structures. Raman spatial mapping for a typical fabricated Hall bar device is shown in the inset of Figure 1c .
The observed uniform Raman D-band intensity over the entire Hall bar indicates a largescale dopant homogeneity in the N-doped graphene sample. Figure 1d shows the longitudinal resistance measured as a function of gate voltage for an N-doped graphene sample with the N atomic concentration of 2% at both room temperature and 1.9 K. From the transfer characteristic curves, we can extract the carrier mobility in the graphene sample.
The extracted values of the electron and the hole mobility at 1.9 K are ∼8500 and ∼8950 cm 2 V -1 s -1 , respectively. At room temperature, a value of ∼8000 cm 2 V -1 s -1 is extracted for the electron and the hole mobility. The well-defined quantum Hall plateaus ( Figure S2a) and Shubnikov-de Hass oscillations ( Figure S2b ) are observed in the N-doped graphene sample, which further confirms the high mobility of our sample, compared to those previously reported for N-doped graphene.
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Figure 2a displays the conductivity measured as a function of back gate voltage Vg for N-doped graphene samples with three different N atomic concentrations at 1.9 K and zero magnetic field. In a graphitic N-doped graphene sample, an N atom serves as a donor and becomes positively charged after sacrificing an electron. As expected, a graphitic N-doped graphene sample shows n-type transport characteristics, with the Dirac point located at negative gate voltages. As shown in Figure 2a , with an increase in N atomic concentration, the minimum conductivity point shifts toward a larger negative value in gate voltage. It is also seen that tuning N atomic concentration is accompanied by a change in the density of charged impurities. In order to quantitatively estimate the density of the charged impurities in our N-doped graphene samples, we use a Boltzmann kinetic theory, 20 considering charged impurity scattering in graphene, to fit our measured conductivity data. In the theory, the conductivity can be written as:
where h is the Plank constant, e is the electron charge and σres is the residual conductivity at the Dirac point. Figure 2b shows the extracted density of charged impurities nimp as a function of N atomic concentration. It is seen that nimp increases with increasing N-atomic concentration, as expected. Besides, the estimated effective N doping density from the N atomic concentration is consistent with the extracted charged impurity density, indicating that the positively charged N atoms are the main source of charged impurities in the graphitic N-doped graphene samples. We also estimated the mobility of the samples from the gate dependence of the conductivity at different N atomic concentrations. As one can see from Figure 2c , the mobility decreases as the N atomic concentration increases, which can be qualitatively understood as that more atomic scattering centers have been introduced to graphene at a higher N-atomic concentration.
We now consider the effect of N doping on the magnetotransport properties of graphene.
Magnetotransport measurements have been widely used to probe carrier transport processes such as scattering mechanisms and quantify various characteristic length scales in graphene. [36] [37] [38] The chirality of graphene would give rise to the destructive interference of charge carriers in graphene at zero magnetic field. Thus, an increase in the conductivity, namely weak antilocalization (WAL), is expected to occur in monolayer graphene as long as the chiral symmetry is preserved during coherent backscattering. 36 However, in addition to inelastic phase-breaking scattering, elastic intervalley scattering, induced by atomically sharp defects or local deformation, 39 can break the chirality properties of the charge carriers, leading to suppression of WAL, and restore conventional weak localization (WL) in graphene. 37, 38 Previous experimental findings and theoretical calculations have suggested that Ndoping plays an important role in the intervalley scattering in graphene. 31, 39, 40 However, the effects of the N doping on transport properties have received little attention so far. Figure 3a shows the transfer curve of the sample with the 2% N atomic concentration measured at 1.9 K, in which the gate voltage at the Dirac point (VDirac ~ -16V) has been shifted to zero for clarity. In Figure 3b , we plot the measured magnetoconductivity as a function of the magnetic field applied perpendicular to the graphene plane for selected gate voltages, on both the hole and electron transport sides, as indicated by color marks on the R-Vg curve in Figure 3a . In Figure 3b , the curve measured at ΔVg = -23 V is placed on top and all the other measured curves are successively offset vertically by -0.5 2 /ℎ for clarity.
A positive magnetoconductance with an obvious dip is clearly observed at all the measured curves, which can be ascribed to the effect of WL due to the presence of strong intervalley scattering in the N-doped graphene sample. As the gate voltage is tuned away from the Dirac point, the magnetoconductivity dip at zero magnetic field becomes sharper, which
indicates an increase in phase coherence length with increasing carrier density on both hole and electron transport sides, in agreement with the previous experiments on graphene. 37, 38 The most striking feature seen in Figure 3b is that the magnetoconductivity dips at zero magnetic field on the hole transport side are sharper than their corresponding ones on the electron transport side. While in pristine graphene without N-doping, the measured magnetoconductivity dips at zero magnetic field show similar behaviors on the electron and hole transport sides ( Figure S3 ). To clarify the physical origin of this asymmetry in the magnetoconductivity in the N-doped graphene samples, we analyze the measured results using the theory of quantum interference in monolayer graphene, 39 which shows that the magnetoconductivity is given by Figure 3b . The scattering rates, −1 , −1 and * −1 , extracted from the fits are plotted in Figure 3c . It is seen that the intravalley scattering rate * −1 shows small changes with the gate voltages. This is in agreement with the previous studies on graphene. 37 A remarkable feature of the data presented in Figure 3c is that, as the gate voltage is swept through the Dirac point from the hole transport side to the electron transport side, the intervalley scattering rate i τ rises sharply from ~1 ps -1 to ~4 ps -1 , showing that the intervalley scattering is strongly asymmetric with respect to carrier type. In graphitic Ndoped graphene, incorporation of N atoms into the graphene lattice is expected to give rise to atomically sharp point impurities, which could lead to an enhancement in intervalley scattering. 41 On the other hand, a substitutional N atom also serves as a donor and thus, after sacrificing an electron, acts as a positively charged scattering center for carrier transport in the graphitic N-doped graphene sample. Thus, on the hole transport side, due to Coulomb repulsive potential, the positively charged N impurities can deflect hole carriers, 42 leading to carrier scattering characterized dominantly by small-angle events. In contrast, on the electron transport side, electrons are attracted to positively charged N impurities due to Coulomb attraction. This Coulomb attraction favors to make electrons move closer to the impurities and then scattered off from the impurities dominantly by large-angle scattering events. 42 It is this kind of atomically sharp impurity scattering process that enhances the probability of intervalley scattering for electrons in our N-doped graphene samples. This asymmetry in the electron and hole intervalley scattering caused by the charged impurities has also been observed before in the transport and scanning tunneling microscope measurements of graphene decorated with metal atoms. 7, 41 It is worth to note that the measured transfer curves of our N-doped graphene samples also exhibit a noticeable electron-hole asymmetry. In Figure 2a , the conductivity in the hole transport regime shows a linear dependence on the gate voltage, which demonstrates that the ionized N impurities act dominantly as long-range Coulomb scatters for holes as discussed in previous works. 6, 43, 44 On the other hand, σ (V g ) in the electron transport regime exhibits a weak sublinear dependence. Such a sublinear dependence has also been widely observed in previous works and has been attributed to the effect of short-range scatters in graphene, in consistence with our interpretation.
To explore the role of doping level in intervalley scattering in graphene, we have Figure S5 ). Both the intervalley and intravalley scattering rates are found to be relatively temperatureindependent, in agreement with previous reports. 37, 38 In contrast, the phase coherence length increases with decreasing temperature at relatively high temperatures and tends to saturate at T < 10 K. We also measured the temperature dependence of the magnetoconductivity at gate voltages ΔV g = -7 V, -1 V, and 7 V ( Figure S6 ). In Figure 4c , the extracted intervalley scattering rate is plotted as a function of temperature for gate voltages ΔV g = -7 V, -1 V, 1 V, and 7 V. As expected, the intervalley scattering rate is roughly temperature-independent at all these gate voltages. But, again, it is seen that the intervalley scattering rate on the hole transport side is smaller than that on the electron transport side, exhibiting the clear electron-hole asymmetry as discussed above.
In Figure 4d , the dephasing rate obtained on both the electron and hole transport sides is shown as a function of temperature. As we can see, the dephasing rates of two types of charge carriers show different temperature dependences, suggesting that dominant dephasing scattering mechanisms of electrons and holes in our N-doped graphene samples are different. At low temperatures, the main source of phase-breaking in graphene is considered to be electron-electron interaction in two mechanisms. 38, 45, 46 One is the Nyquist scattering ( −1 ) representing the small energy-transferred interactions of charge carriers with electromagnetic field fluctuations generated by the noisy movement of neighboring charge carriers. 47, 48 The other is the direct Coulomb interaction ( −1 ) among the charge carriers. 38, 45, 46 By considering both mechanisms, 37 , 48 the dephasing rate can be written as
where g(n)=σh/e 2 . The linear temperature dependent term corresponds to the inelastic scattering with small momentum transfer, while the parabolic temperature dependent term is due to large momentum transfer by the direct Coulomb interaction between charge carriers. 47, 48 Figure 4d (see also Figure S7 ) clearly displays a linear temperature dependence of the dephasing rate on the hole transport side, whereas a parabolic temperature dependence is observed on the electron transport side, suggesting that the direct Coulomb interaction between electrons is dominated on the electron transport side.
In a simple picture, the accumulation of electrons around the positively charged N atoms could give rise to an enhancement in direct electron-electron interaction. Therefore, the evidences observed for different phase-breaking mechanisms with respect to carrier type further support the charged impurity-induced electron-hole asymmetry scenario in our Ndoped graphene samples.
We now discuss about the transport behavior of N-doped graphene at high magnetic fields. Figure insensitive to the type of transport carriers in the N-doped graphene films. However, the intervalley scattering time is strongly carrier type dependent-the intervalley scattering is much stronger for electrons than for holes in the films. In addition, the intervalley scattering rate is found to increase with increasing N atomic concentration in the graphitic N-doped films, but it is approximately temperature independent. The observed electron-hole asymmetry in the intervalley scattering can be attributed to scattering by charged N dopants in the graphene films. In graphitic N-doped graphene films, N atoms act as positively charged impurities. Thus, electrons see them as attractive scattering centers and can be scattered off from them with a large probability by large-angle events and therefore by intervalley scattering processes. In contrast, holes see the positively charged N impurities as repulsive scattering centers and can dominantly be scattered off from them by small angle processes. We have also analysed phase coherent scattering of the carriers in the films at different temperatures and found that the contribution from direct electron-electron interaction to phase coherent breaking is more significant on the electron transport side than on the hole transport side. Furthermore, the transport measurements have been carried out for the films in the quantum Hall regime and it is extracted that the Landau level broadening is larger on the electron transport side than on the hole transport side. All these observations can be attributed to the presence of positively charged N impurities in the Ndoped graphene films.
EXPERIMENTAL SECTION
Graphene growth and transfer. N-doped graphene was grown on commercially available Cu foils in a low pressure CVD system. 30 As-formed individual N-doped graphene domains or continuous films were transferred onto SiO 2 /Si substrates with PMMA-assisted dry method for Raman spectroscopy characterization and electrical device fabrication. 52 Graphene was formed on both sides of a Cu foil, and graphene on one side of the Cu foil to be used for the characterization and device fabrication was spin-coated with PMMA. After baking at 150 o C for 5 min, the other side of the Cu foil was exposed to O 2 plasma for 3 min to remove graphene grown on it. Subsequently, the 1 M Na 2 S 2 O 8 solution was chosen to etch away the Cu foil. Then, the achieved floating PMMA/graphene membrane on the solution surface was washed with deionized water three times. To minimize the transfer-related contamination and defects, the sample was heated at 150 o C for 1 h. After drying, the PMMA was dissolved by acetone yielding graphene domains or continuous films on the substrate. Note that, in the dry transfer method, after rinsed by deionized water, the PMMA/graphene membranes were subsequently washed by isopropanol and then dried in air for 12 h before it was placed onto the target substrates. Electrical and magnetotransport measurements were performed in a physical property
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Estimation of the FET mobility and carrier density
Nonlinear fitting method for the extraction of the FET mobility µ.
The total carrier density (electrons or holes) in graphene ntot can be approximated by
where n0 represents the density of carriers at the Dirac point, often referred to as the residual carrier density. By ignoring the quantum capacitance, the gate induced carrier density can be calculated by
, where is the oxide capacitance, is the back gate voltage at the Dirac point, is the electron charge. In the Hall bar geometry, the longitudinal resistance Rxx at zero magnetic field can be written as
, where is the distance between two voltage probes along the current direction, W is the width of the Hall bar, and represents the field-effect transistor (FET) mobility.
Estimation of the carrier density by Hall measurements.
As shown in Supplementary Fig. S5 , the Hall resistance Rxy is a linear function of magnetic field B at low magnetic fields at a given back gate voltage Vg far from the Dirac 
